Introduction
Internal solitary waves (ISWs) are ubiquitous features in oceans, fjords, and lakes (Gerkema and Zimmerman 2008) . They can propagate over several hundreds of kilometres, produce strong turbulence and mixing with a considerable velocity shear, and modify thermohaline structures of the water column (Gerkema and Zimmerman 2008; Alford et al. 2011; Guo and Chen 2014) .
Although representing ocean interior motion, ISWs have visible manifestations at the surface, which are often captured by satellite images (Mitnik et al. 2000; Bakhanov and Ostrovsky 2002) . For instance, synthetic aperture radar (SAR) is widely used for studying ISWs owing to its considerable advantages of not being affected by meteorological conditions and its very high resolution (Mitnik et al. 2000; Zhao et al. 2004; Zheng et al. 2007 ). Based on sea surface roughness in sunglint area, these waves can also be imaged on high-resolution optical imagery (Apel et al. 1985) , such as Satellite Pour l'Observation de la Terre (SPOT) (Mitnik et al. 2000) . In addition, the chlorophyll images derived from ocean colour measurements of the Seaviewing Wide Field-of-view Sensor (SeaWiFS) and Moderate Resolution Imaging Spectroradiometer (MODIS) have also been successfully employed in the study of ISWs (da Silva et al. 2002; Vázquez et al. 2009; Pan et al. 2012; Muacho et al. 2013) . However, the application of ocean colour images in studying ISWs is severely limited by their relatively low resolution (1.1 km) and, in some cases, by the interference of upwelling signatures at the ocean surface. In comparison, the resolution of MODIS true-colour images is higher (250 m), which is suitable for detecting ISWs, as demonstrated by Jackson (2007) in a study of the global distributions of ISW occurrence.
The northern South China Sea (SCS) is one of the predominant regions of the world's oceans where energetic ISWs occur frequently (e.g. Guo and Chen 2014) . The characteristics and dynamics of ISWs have been studied based on in situ observations at a variety of locations in the northern SCS (Apel et al. 1997; Klymak et al. 2011; Fu et al. 2012; Guo et al. 2012) . Their geographic distributions have been revealed by analysis of SAR as well as MODIS true-colour images (Zhao et al. 2004; Zheng et al. 2007; Li, Zhao, and Pichel 2008; Li, Jackson, and Pichel 2013) . The Taiwan Strait (TS) is a shallow (average depth of about 60 m) channel connecting the SCS and the East China Sea. It lies to the northeast of the SCS, and is a region with ISWs frequently occurring in its southern part (Bai et al. 2013) . Some basic features of these ISWs have been described based on in situ time-series measurements of temperature and salinity (Bai et al. 2013 ), but the spatial distributions and temporal variations, as well as generation mechanisms and generation sites of the ISWs, are still largely unknown. Although ISWs in the southern TS are commonly thought to originate from the Luzon Strait (e.g. Zheng et al. 2007; Li, Zhao, and Pichel 2008; Guo and Chen 2014) , their local generation at the shelf break in the southeastern corner of the TS will be shown to play an important role.
In this study, we investigate the statistical characteristics of the ISWs in the southern TS using 12 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) of MODIS true-colour images.
MODIS observations and analysis

MODIS true-colour images
The MODIS sensors are on board the National Aeronautics and Space Administration (NASA) satellites Terra and Aqua, which were launched on 18 December 1999 and 4 May 2002, respectively, and are still operational. Terra passes from north to south across the equator every morning, while Aqua passes from south to north over the equator every afternoon. Both can observe the entire Earth in one day. True-colour images are composites of data from three MODIS visible channels (i.e. red band centred at 645 nm, green band at 555 nm, and blue band at 469 nm). These true-colour images are produced from calibrated, corrected, and geo-located radiance (Level-1 B) data, with a spatial resolution of 250 m (Jackson 2007) , and can be downloaded from NASA's LAADS (Level-1 and Atmosphere Archive and Distribution System) website (http://ladsweb.nascom.nasa.gov/ index.html).
Manifestation of ISWs in MODIS true-colour images
Sunglint is the specular reflection of light from sea surface to the detector, and its relative strength is mainly determined by sea surface roughness (Wald and Monget 1983) . ISWs induce divergence and convergence of sea surface currents as they propagate, which modify the sea surface roughness and thus are visible in MODIS true-colour images if they are in a sunglint area. In the images, the smooth front zone (due to surface current divergence) appears as a bright band, while the rough front zone (due to surface current convergence) appears as a dark band, because a smooth surface can reflect more light to the sensor than a rough surface. Therefore, ISWs are manifested as alternate bright and dark bands in MODIS true-colour images (see Figure 5 in Liu et al. 1998 for a schematic diagram). Examples are shown in Figure 1. 
Analysis of MODIS observations: two types of ISW in the southern TS
To study the statistical characteristics of ISWs in the southern TS, we searched the entire MODIS archive for clear MODIS true-colour images. The images are selected only when ISWs were detected in the TS between 22°N and 24°N. As such, a total of 93 images were collected. These images cover a period of 12 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . rank-ordered waves (Zhao et al. 2004 ). For clarity of presentation, each ISW packet is indicated by the crest line of its leading wave (i.e. the only wave in a single-wave packet or the fastest wave in a multiple-wave packet).
As shown in the inserted map, the ISW crest lines in Figure 1 (a) are much longer than those in Figure 1 (b). The former extend from the southern TS to the northern SCS, while the latter locate only at the southeastern corner of the TS. In fact, out of the 93 images, 79 present features similar to Figure 1 (a) while the other 14 present features similar to Figure 1 (b) . The distinct features in regard to the scale of wave crest length and geographic distributions are interesting and seem to suggest that there may be two different generation sites of the ISWs in the southern TS. We will examine this possibility and some statistical characteristics of these waves in the following sections. For clarity of presentation, we term the two types of wave as Type-I and Type-II. Type-I waves are those having a much larger wave crest length, and extend from the southern TS all the way to the northern SCS, while Type-II waves denote those with a much smaller wave crest length occurring only at the southeastern corner of the TS.
Generation sites of the ISWs
Spatial distribution of MODIS-observed ISWs
Two types of ISW were noted in an analysis of MODIS true-colour images. To illustrate this more clearly, the statistical distributions of ISWs in the southern TS based on all 93 images are shown in Figure 2 .
As shown in Figure 2 Given their geographic distribution shown in Figure 2 (b), these ISWs were likely to have been generated locally rather than having been propagated from the Luzon Strait, because there were almost no ISWs observed between the Luzon Strait and the continental slope.
To summarize, we speculate that these two types of ISW originate from two different sites: the Luzon Strait for Type-I waves and the shelf break at the southeastern corner of the TS for Type-II waves. Evidence for this will be explored in the following two sections.
Evidence from an empirical model of ISW propagation
To gain further evidence for the conjecture from spatial distributions of ISWs, we compare the observations by MODIS images to predictions from an empirical model. The empirical model was developed by Jackson (2009) to estimate ISW locations at a particular time after their generation in the Luzon Strait. It is based on a two-dimensional eikonal differential equation and a parameterized function of phase speed (Jackson 2009 ). In Figure 2 (a), the blue contours, with an interval of half a day, represent the travel time of ISWs after their generation in the Luzon Strait. These represent the first arrival time of a propagating wave front; subsequent arrivals resulting from wave reflections have not been taken into account. Evidently, the model-predicted wave arrivals are highly consistent with MODIS observations of ISW locations, indicating that Type-I waves originate in the Luzon Strait. The Luzon Strait has been commonly considered as the source of ISWs in the SCS (Zhao et al. 2004; Klymak et al. 2006; Zhao and Alford 2006; Zheng et al. 2007 Zheng et al. , 2008 Buijsman, Kanarska, and McWilliams 2010; Vlasenko, Guo, and Stashchuk 2012; Pichel 2008, Li, Jackson, and Pichel 2013) . In their propagation from deep water (deeper than 1000 m between 118-120°E) to the continental shelf, ISWs gradually evolve under the effects of nonlinear steepening of the continental slope (Djordjevic and Redekopp 1978; Zhao and Alford 2006) . This is why ISWs are mainly distributed on the continental slope onshore of the 1000 m isobaths, but sparsely distributed between 118°E and the Luzon Strait (Figure 2(a) ).
Evidence from internal tide-generating body force calculations
The generation sites of the ISWs can be further examined via analysing the distribution of internal tide-generating body force. According to Baines (1982) , the depth-integrated body force F can be calculated as
where ω is the tidal angular frequency (rad s −1 ), z is the vertical coordinate (z = 0 at sea surface, upward positive), N(z) is the local buoyancy frequency, Q is the barotropic tidal transport Q = (Q x , Q y ) = (uH, vH), u and v are the zonal and meridional components of the barotropic tidal current, and H is the local water depth.
The spatial distribution of the body force F has been used to locate possible hot spots of internal wave generation in the world's oceans (Merrifield and Holloway 2002; Sherwin et al. 2002; Niwa and Hibiya 2004; da Silva, New, and Azevedo 2007; Magalhaes and da Silva 2012; Lozovatsky et al. 2012 ). For example, by analysing satellite images, Azevedo, da Silva, and New (2006) and da Silva, New, and Magalhaes (2009) showed that packets of nonlinear ISWs are often generated in regions where the value of F is large. Similarly, Li, Zhao, and Pichel (2008) , examined ISW generation hot spots in the SCS and the East China Sea. Furthermore, F > 0.25 m 2 s −2 is usually regarded as a critical value for the generation of ISWs (Lozovatsky et al. 2012) .
In the following, we calculate and analyse the internal tide-generating body force due to the M 2 tidal constituent in the northern SCS. The barotropic tidal transport data of the M 2 tide are obtained from the Oregon State University Tidal Inversion Software (OTIS 7.1, developed by Egbert and Erofeeva (2002) ) at a horizontal resolution of 1/4°. The temperature and salinity profiling data, used for calculating the buoyancy frequency (N), are obtained from the Generalized Digital Environment Model database (GDEM-V 3.0) at a resolution of 1/2° (Carnes 2009 ), which is a monthly climatology dataset. We acquired bathymetry data from the five-minute gridded global relief database (ETOPO5). Both the velocity components and the calculated buoyancy frequency (N) are linearly interpolated onto finer grids with a resolution of 5 minutes. The maximum depth-integrated internal tide-generating body force over a complete tidal cycle is shown in Figures 3(a) and (b) , corresponding to the cases shown in Figures 1(a) and (b) , respectively.
As shown in Figure 3 , two major hot spot regions (F > 0.25 m 2 s −2 ) are located in the Luzon Strait and the continental slope near the southern TS. In regard to the case shown in Figure 3(a), the high-body force region is between 120.5°E and 122.5°E. Therefore, the groups of ISW (Type-I) are generated in the Luzon Strait. In Figure 3(b) , although the value in the Luzon Strait is higher than that in the southeastern corner of the TS, we believe that the ISWs (Type-II) are primarily generated locally in the southeastern corner of the TS rather than in the Luzon Strait for the following two reasons. First, the hot spots are located along the isobaths between 200 and 500 m in the southern TS. ISWs can be generated due to the nonlinear steepening effect on the continental slope in this study area (Bai et al. 2013) . Secondly, if the ISWs were generated from the internal tides originating from the Luzon Strait, one would also see ISWs on the continental slope of the northern SCS, where bathymetric conditions are also favourable for ISW generation (Lien et al. 2005) . However, ISWs were only detected on the continental slope of the southern TS as shown in Figure 3(b) . Therefore, calculations of the body force support the existence of the two generation sites, and indicate that the two types of ISW were generated from these sites.
Discussion
Temporal variation in MODIS-observed ISWs
In this section, we analyse the temporal variation in ISWs. Considering that stratification, which has a seasonal variation, is one of the most important conditions for generating ISWs, we focus on the monthly variation in ISW occurrence. The monthly MODISobserved ISW occurrence frequency is defined as (Zheng et al. 2007 )
where m i is the number of the images in the ith month of the 12 years, and A is the number of total images. The monthly distributions of the two types of ISW are shown in Figure 4 (a). As a whole, one can see that all 93 images are distributed from April to September. The high-occurrence frequencies are distributed in the summer months from June to August, reaching a peak of 38% in July, while fewer than 2% of the ISW images are observed in autumn, winter, and early spring. Although very different in absolute number of occurrences, there seems no evident difference in the relative frequency of occurrence between the two types of ISW. As shown in Figure 4 (b), there is a pronounced seasonal variation in occurrence, with 18% in spring (MAM), the maximum frequency of 80% in summer (JJA), 2% in autumn (SON), and almost none in winter (DJF). However, it should be noted that this observation does not mean that ISWs do not occur in these winter months in the southern TS. Further discussions on this issue will be presented in Section 4.2. Similarly, given the close relationship between the generation of ISWs and barotropic tidal currents (e.g. Zhao and Alford 2006; Zheng et al. 2007; Du, Tseng, and Yan 2008; Vlasenko, Guo, and Stashchuk 2012) , we analyse the daily ISW occurrence frequency in a lunar month, defined as
where d i is the number of images on the ith lunar day (i.e. the ith day in a lunar month). A lunar month is the time between two successive similar syzygies (new moon or full moon). Correspondingly, spring tide occurs from the 1st to 3rd and from the 15th to 18th lunar day, while neap tide occurs one week after the preceding spring tide. The statistical results are shown in Figure 5 . Collectively, the high occurrence frequencies are distributed from the 1st to 8th lunar day and from the 17th to 23rd lunar day. About 37% of the images were collected during the first 8 days, with 33% from the 17th to 23rd lunar day. For Type-I waves, the lunar daily distributions are similar to the results of Du, Tseng, and Yan (2008) , who found high ISW occurrence frequency from the 2nd to 6th, the 16th to 21st, and the 29th to 30th lunar day in the Luzon Strait. The lag of a few days in our statistical results is mainly due to the propagation time (about 1.5 days as shown in Figure 2 (a)) from the Luzon Strait to the southern TS. On the other hand, because there were only 14 images collected for Type-II waves, it is difficult to identify a relationship between their occurrence and barotropic tidal currents. The low occurrence of Type-II waves is presumably mainly due to their short lifespan; this is about 0.5 days over the continental slope of the southern TS as estimated from Figure 2 (a), which is shorter than the cycling period of MODIS sensors (about 1 day). This obviously poses a challenge for the observation of Type-II waves: compared with Type-I waves, a much higher sampling frequency is required to capture their detailed characteristics and propagation features. In situ mooring-based observations have to be resorted to for this purpose, and it is a focus of our further studies.
The applicability of MODIS in detecting ISWs
In this study, the true-colour images were based on measurements of MODIS sensors on board both Aqua and Terra satellites. The detection of ISWs with MODIS imagery is affected by cloud cover. In fact, only 93 out of an available 11,129 images from NASA's Level 1 and Atmosphere Archive and Distribution System (LAADS) Web over the 12-year period (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) are cloud free and contain clear ISW signatures. In winter and spring, cloud cover in this region is almost 100%. Therefore, the statistical results shown in Figure 4 do not necessarily mean that there were no ISWs located in the southern TS during these seasons. To examine their possible existence for each season, we calculated the depth-integrated internal tidegenerating body force for four seasons using high-resolution bathymetry data (a spatially filtered version for local bathymetry combining the survey data and ETOPO2v2 as employed in Jiang et al. 2011 ) and seasonal stratification profiles. As it is known that ISWs are generated in the Luzon Strait in all seasons (Zheng et al. 2007 ), in Figure 6 we only show results in the local generation region of the southern TS. It is evident that the hot spot band of internal tide Figure 6 . Map of the maximum depth-integrated internal tide-generating body force over a complete tidal cycle due to the M 2 constituent for the four seasons in the region shown with a blue box in Figure 3( ) for the generation of internal tides and ISWs (Lozovatsky et al. 2012) . This suggests that ISWs may be generated during all seasons.
However, compared to other sensors, such as SPOT and SAR with a swath width of 60-100 and 500 km, respectively, the key advantage of MODIS imagery is its much larger swath width (2300 km) and more frequent revisiting coverage. Critical to this study, its swath width is large enough to cover both the southern TS and the northern SCS in one image, allowing one to distinguish the scales of wave crest length of ISWs over the whole study region. In addition, the statistical results presented in this study are valuable for planning future in situ and SAR observations (which are not affected by cloud cover) for a more robust statistical analysis.
Conclusion
In this paper, we investigated the statistical characteristics and generation sites of ISWs in the southern TS using MODIS true-colour images over a period of 12 years (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) . Out of the collected 93 images, 79 show ISWs spanning a large area from the southern TS to the northern SCS; while the other 14 show ISWs located only at the southeastern corner of the TS. These distinct features of wave crest length and geographic distribution led us to speculate that ISWs may originate from two different generation sites. The conjecture was then tested and confirmed. The high consistency of the observed ISW propagations and the predictions of an empirical model support the hypothesis that Type-I waves mainly originate from the Luzon Strait, and the local generation of Type-II waves is supported by horizontal distribution of the depth-integrated internal tide-generating body force. Temporal variation in ISWs was analysed, and it was found that the occurrence of the two types of ISW has a possible seasonal variability with the maximum frequency in summer (80%) and the minimum in autumn and winter (about 2%). The lunar daily occurrence frequency of Type-I waves shows a similar feature to those in the Luzon Strait (e.g. Du, Tseng, and Yan 2008) , but with a lag of about 1.5 days due to the propagation time from the Luzon Strait to the southern TS. However, calculations of depth-integrated body force using the climatology dataset suggest that ISWs may be generated in all seasons. These results imply that temporal variation requires further study, such as combing in situ with SAR observations, to examine whether ISWs occur in winter and show a seasonal variability, and to identify the link between the occurrence of Type-II waves and barotropic tidal currents.
